5A11/Basigin is an immunoglobulin-like glycoprotein expressed on the surface of M€ u uller cells, the apical and basal surfaces of the retinal pigmented epithelium, and photoreceptor cell bodies and their inner segments. Disruption of the 5A11/Basigin gene in the mouse results in photoreceptor degeneration and a corresponding decrease in electroretinogram amplitudes in mature mice. The purpose of this study was to examine the electrophysiology of the 5A11/Basigin null mouse retina at earlier ages than previously examined. Although the architecture of the 5A11/Basigin null mouse retina appears normal, the ERG amplitudes are severely depressed at eye opening, indicating failure in retinal maturation. Ó
Introduction
5A11/Basigin is an immunoglobulin-like glycoprotein that has been cloned and characterized in several species. The first description of 5A11 appeared in 1986 by Linser, Andreae, and Perkins (1986) who used antibodies produced against embryonic day 7 chick tissues to identify a novel M€ u uller cell specific protein. Subsequent work by Fadool and Linser (1993) identified the 5A11 antigen as a cell membrane glycoprotein found on the plasma membrane of M€ u uller glial cells and mature retinal pigmented epithelium (RPE) of chicken retina. Characterization of the 5A11 antigen showed that it is identical to the HT7 antigen, an inducible marker on endothelial cells of the blood-brain barrier (Seulberger, Lottspeich, & Risau, 1990) . Other homologous proteins in this family include M6/EMMPRIN in the human (Biswas et al., 1995; Kasinrerk et al., 1992) , OX-47 in the rat (Fossum, Mallett, & Barclay, 1991; Finnemann, Marmorstein, Neill, & Rodriguez-Boulan, 1997) , RPE7 in bovine retina (Yoshimoto, Sagara, Masuda, & Hirosawa, 1998) , and Basigin in the mouse (Miyauchi et al., 1990; Miyauchi et al., 1995) . These proteins possess two extracellular immunoglobulin-like domains, a hydrophobic transmembrane domain, and a short cytoplasmic tail (Miyauchi et al., 1990) .
In an effort to understand the biological function of this glycoprotein, a strain of mice was generated in which the gene for 5A11/Basigin was inactivated (Igakura et al., 1998) . The 5A11/Basigin null mouse phenotype includes several gross abnormalities that have been previously described (Naruhashi et al., 1997) . Recent reports have characterized the retina of the 5A11/ Basigin null mouse. The 5A11/Basigin null mice have limited visual abilities, as measured by photopic and scotopic electroretinogram (ERG) analyses, at five weeks of age and older (Hori et al., 2000) . However, the first indication of retinal abnormality precedes this time. At 21 days after birth, the photoreceptor outer segments of 5A11/Basigin null retinas exhibit less intense metachromatic staining density and possibly a reduction in length, when compared to wild-type controls (Ochrietor, Moroz, Kadamatsu, Muramatsu, & Linser, 2001 ). Dzegeneration of the photoreceptor cells is observed around eight weeks, and eventually most of the photoreceptor cell Vision Research 42 (2002) 447-453 www.elsevier.com/locate/visres layer, as well as the inner and outer segments are completely lost (Hori et al., 2000; Ochrietor et al., 2001) . Presently, we report that all components of the scotopic ERG of 5A11/Basigin null mice are depressed at eye opening (P17), when compared to those of control littermates. However, no significant abnormalities in the photoreceptor or synaptic layers were observed at this age. Although a biological function of 5A11/Basigin has yet to be determined, these results suggest that 5A11/ Basigin effects retinal development, at the biochemical or electrophysiological level, leading to a failure in functional maturation.
Materials and methods

Mice
The 5A11/Basigin knockout mouse strain was generated using a neomycin gene insertional strategy, as described previously (Igakura et al., 1998) . Heterozygote breedings were performed at the Whitney Laboratory. The genotype of offspring mice was determined using PCR of genomic DNA isolated from tail snips using the easy-DNA protocol (Invitrogen, Carlsbad, CA). The PCR primers and reaction conditions followed published protocols (Igakura et al., 1998) .
Care and handling of these animals was in accordance with the guidelines established by the University of Florida and IACUC. These experiments adhere to the ARVO statement for the Use of Animals in Ophthalmic and Vision Research.
Reagents
Fluorescent-labeled secondary antibodies were from Jackson Immunoresearch Laboratories (West Grove, PA). The rabbit anti-mouse Basigin antibody was previously described . The rod opsin specific antibody was previously described (Adamus et al., 1991) . FITC-labeled peanut agglutinin was from Vector Laboratories (Burlingame, CA). The SV2 antibody was from the Developmental Studies Hybridoma Bank of the University of Iowa.
ERG examination
Scotopic ERGs were recorded from three sets of 5A11/Basigin null mice and control littermates on a weekly basis from 17 days after birth until six weeks of age. The animals were dark-adapted overnight and were prepared for the ERG recordings under deep red illumination. The pupils were dilated with 2.5% phenylephrine (Akorn Inc., Dekatur, IL) approximately 30 min prior to the analysis and then again after anesthetization with an intraperitoneal injection of a saline solution containing ketamine (78 mg/kg body weight) and xylazine (3.6 mg/kg body weight). The mice were held loosely in a mouse restraining apparatus and placed in a Ganzfeld bowl.
ERGs were recorded from the corneal surface with a coiled platinum wire that made contact through a thin layer of 2.5% methylcellulose. Similar wires were placed in the head and hind leg to serve as reference and ground electrodes, respectively. Five steps of flash stimuli, ranging from À3.953 to 0.447 log cd s m À2 , were used with an inter-stimulus interval ranging from 5 to 40 s (the time increased with increasing flash intensity). Five responses were averaged for each flash intensity and the data were collected and analyzed using UTAS 2 000 software (LKC Technologies, Gaithersburg, MD).
Immunocytochemistry
Primary fixation of mouse retinas was by perfusion with 4% paraformaldehyde in 0.1 M cacodylate (pH 7.4) followed by enucleation and immersion in the same solution for 1 h at 4°C. The tissue was transferred through two 30 min changes of Carnoy's fluid and brought to room temperature. Tissues were transferred to 100% ethanol, cleared with anniline:methylsalicylate (1:1), and embedded in paraffin. Tissues were sectioned 10 lm thick, mounted on gelatin-coated slides, deparaffinized, and transferred to Tris-buffered saline (TBS: 0.01 M Tris, 0.15 M NaCl, 1.3 mM CaCl 2 ), pH 7.4.
Tissues were double-labeled or triple-labeled for indirect immunofluorescent localization of the markers mentioned above. Briefly, sections were incubated in TTBS (TBS containing 0.1% Tween 20), containing diluted primary antibodies, in a humid environment for 1 h at 37°C. Dilutions of primary antibody probes varied and were determined empirically for each. Sections were washed in TBS, followed by incubation for 1 h in TTBS containing 2% normal goat serum and goat anti-mouse or rabbit (as required) conjugated to the appropriate fluorophore (Jackson Immunoresearch Laboratories). Nuclei were stained with DAPI (Molecular Probes, Eugene, OR). Coverglasses were mounted with TBS/glycerol (1:1) containing p-phenylenediamine (Sigma Chemical Co, St. Louis, MO) and the sections were viewed with a Leica confocal microscope and assembled for publication using C OR E L DR AW -9 software.
Results
Previous reports of the 5A11/Basigin null mouse retina have indicated that degeneration of photoreceptor cells becomes apparent after eight weeks of age (Hori et al., 2000) . Fig. 1 compares the retinas of a 5A11/ Basigin null mouse and a control littermate at one year of age. The differential interference contrast panels ( Fig. 1A and B) demonstrate the severity of degeneration, with the entire photoreceptor cell layer missing. Rhodopsin is minimal and fragmentary in the null mouse retina at this age, due to the nearly complete lack of photoreceptor outer segments (Fig. 1C and D) . 5A11/ Basigin expression, which is not observed in the null mouse retina (Fig. 1F) , localizes to the M€ u uller cells, photoreceptor inner segments, with some staining of the photoreceptor cells, and blood vessels of the neural retina (Fig. 1E) .
Previous electrophysiological analyses of mature 5A11/Basigin null mice indicated a reduction of all components of the ERG (Hori et al., 2000) . However, younger mice were not examined. This laboratory Fig. 1 . Comparison of normal and 5A11/Basigin null mouse retinas at one year of age. Paraffin-embedded sections of normal (A, C and E) and 5A11/Basigin null (B, D and F) retinas from year-old mice were double-labeled to detect the presence of rhodopsin (C and D) and Basigin (E and F). Differential interference contrast images of each retina are shown in A and B. Note the absence of photoreceptor cells in the null mouse retina. No significant rhodopsin was observed within the retinas of 5A11/Basigin null mice at this age, when compared to control littermates. 5A11/Basigin localizes to the M€ u uller cells, photoreceptor cells and inner segments, and blood vessels (open arrows) of the normal mouse neural retina; however, no 5A11/Basigin is present within the null mouse retina, bar ¼ 40 lm. Abbreviations: RPE, retinal pigmented epithelium; Os, outer segments; Is, inner segments; PC, photoreceptor cell layer; Opl, outer plexiform layer; In, inner nuclear layer; Ipl, inner plexiform layer; Gc, ganglion cell layer.
wanted to determine whether the electrophysiological deficiencies were present from eye opening, indicating an abnormality in retinal development. Therefore, scotopic ERGs were recorded from 5A11/Basigin null mice and control heterozygous littermates on a weekly basis from post-natal day (P) 17 through six weeks of age. The heterozygous littermates were chosen as controls, since the ERGs recorded from this group were similar to those of wild-type mice (data not shown, Hori et al., 2000) . Fig. 2 shows representative tracings of ERGs recorded from normal and 5A11/Basigin null mice with flash intensity of À0.613 log cd s m À2 at different ages (P17-P45). Both a-and b-wave amplitudes are depressed in the 5A11/Basigin null mouse from eye opening.
The maximum a-and b-wave amplitudes recorded from ERGs of 5A11/Basigin null mice and littermate controls were compared (Fig. 3) . In a normal mouse retina, the a-wave is still immature at P17 (Fig. 3A) . However, at P24, the a-wave is similar to those observed at P31 and P45 (compare Fig. 3A and B) . The a-wave is already depressed at P17 in the null mouse retina, when compared to the control group (Fig. 3A) . The 5A11/ Basigin null mouse retina never exhibits a normal a-wave component of the ERG; however, this difference in a-wave amplitudes was not considered statistically significant at most flash intensities. The maximum b-wave amplitudes recorded for each flash intensity over the time course of the analyses are shown in Fig. 3C and D. The b-wave is also depressed at P17 and remains so throughout the life of the mouse (Fig. 3C and D , Hori et al., 2000) . This observed difference in b-wave amplitude is statistically significant at every age examined.
The retinas from P17 normal and 5A11/Basigin null mice were compared by immunocytochemical analyses (Fig. 4) . Photoreceptors were probed with an antibody specific for rhodopsin (Adamus et al., 1991) , as well as FITC-labeled peanut agglutinin, which labels cone sheaths (Johnson & Hageman, 1987) . The rod and cone outer segments of the 5A11/Basigin null mouse retina appear similar to those of a normal littermate at this age ( Fig. 4A and B) , which is consistent with our previous findings (Ochrietor et al., 2001) . Additionally, the retinal samples were probed for the presence of SV2, a generalized marker for synaptic regions (Feany, Lee, Edwards, & Buckley, 1992) . Fig. 4C and D show that at this gross level of examination, the biochemical and morphological definition of the synaptic layer appears normal.
Discussion
Previous studies have indicated that 5A11/Basigin null mice exhibit decreased ERG amplitudes at five weeks of age and older, when compared to control littermates (Hori et al., 2000) . It was also determined that the photoreceptors of 5A11/Basigin null mice begin to degenerate around eight weeks of age and by about one year of age, most of the photoreceptor layer is gone (Fig.  1 , Hori et al., 2000) . However, the first indication of an abnormality in the null mouse retina was observed at P21 (Ochrietor et al., 2001) , which suggests that a developmental problem, due to the inactivation of the 5A11/Basigin gene, occurs in these animals. Therefore, we chose to examine the architecture and electrophysiology of the 5A11/Basigin null mouse retina at younger ages.
It was previously determined, using immunoblotting techniques, that 5A11/Basigin null mice fail to express mature levels of rhodopsin, when compared to control littermates (Ochrietor et al., 2001) . However, at eye opening, the levels of expression are not yet significantly different. Immunofluorescence analyses presented herein are consistent with our previous reports. The rod and cone outer segments appear normal in the 5A11/Basigin null mouse retina at P17. Additionally, it appears that synaptic laminations are intact in the 5A11/Basigin null mouse retina.
The ERG of 5A11/Basigin null mice is depressed from eye opening. This important finding clearly demonstrates that the onset of visual deficiency well precedes that of retinal degeneration. Also, the data support the idea that an underlying problem during the development of the neural retina is the eventual cause of the degeneration observed later in the life of the mouse. Both the a-and b-wave components of the ERG are depressed throughout the life of the 5A11/Basigin null mouse; however, the b-wave is more severely altered. There is much debate as to what cell types are responsible for generation of the b-wave. It was originally thought that the b-wave was generated by M€ u uller cells; however recent analyses indicate that bipolar cells, and not M€ u uller cells are responsible (Xu & Karwoski, 1994) . Our data suggest that perhaps an interaction between M€ u uller cells and bipolar cells is necessary for normal b-wave generation.
M€ u uller cells, which are a major source of 5A11/Basigin in the neural retina (Fadool & Linser, 1993; Ochrietor et al., 2001) , interact with retinal neurons and play an active role in retinal function (reviewed in Newman & Reichenbach, 1996) . Additionally, it is known that 5A11/Basigin participates in necessary cellcell contacts, with yet unidentified membrane proteins, during retinal development (Fadool & Linser, 1993; Fadool & Linser, 1996) . It is likely that critical neuronal functions influenced by the M€ u uller cell may be inhibited in the absence of 5A11/Basigin, resulting in the secondary retinal dysfunction that follows developmental failure.
It seems apparent that the 5A11/Basigin null mouse will not only be useful in defining the biological role of this important membrane glycoprotein, it will also provide an avenue into understanding fundamental pathways that can lead to retinal degenerations.
